Abstract Suspension plasma spray (SPS) is far more complicated than conventional plasma spray and requires a deep knowledge about the influence of process parameters and their correlations. In this study, YSZ coatings were manufactured by SPS with six different process parameters such as plasma power, suspension mass load, original powder size, substrate surface topology, spray distance, and spray step. Afterward, the porosity of as-prepared coatings was investigated by image method and x-ray transmission technique. A multivariate analysis on the collected experimental data was carried out by employing mathematical statistics methods. The results showed that: (1) coating porosity has a negative correlation with plasma power and suspension mass load and a positive correlation with the original powder size, spray distance, spray step, and substrate roughness; (2) spraying distance is the main factor affecting to coating porosity, followed by suspension mass load and substrate surface roughness, respectively. A linear model for porosity prediction was developed and was verified by experiments. The mechanism by which process parameters influence coating porosity is also discussed.
Introduction
Thanks to the using of liquid carrier, suspension plasma spray (SPS) enables the manufacture of finely structured coatings. It has been proven that finely structured or nanostructured coatings exhibit superior performances compared to the micrometer-sized coatings fabricated by conventional thermal spray technique (Ref 1) . Since the coating performance strongly depends on the porosity (Ref 1, 2) , the coating porous architecture should be properly designed for the intended applications. For example, a finely porous coating in solid oxide fuel cells (SOFCs) is needed for the anodes and the cathodes (Ref 3) , while the electrolytes should exhibit a thin and dense structure (Ref 4) . In the field of thermal barrier coatings (TBCs), the shape, orientation and volumetric percentage of pores have significant effect on thermal properties (Ref 5) . But for wear-resistant and corrosion-resistant coatings, porous structures could reduce their anti-wear and anti-corrosion performance ( Ref 6) .
As for conventional plasma spraying (APS), the microstructures of SPS coatings can be tailored by controlling the spray conditions. However, SPS is more complicated than APS because: (i) to achieve a desirable coating microstructure, more parameters must be accurately monitored and controlled; (ii) during the plasma processing phase, suspension droplets undergo a more complex evolution, which includes fragmentation, evaporation, sintering, melting (Ref 7, 8) ; (iii) the low inertia of the fine particles makes them very sensitive to the fluctuation of spray conditions. Hence, it is more difficult to optimize the process parameters for SPS coatings.
As shown in Fig. 1 , the microstructure of SPS coating is a function of many variables, such as plasma characteristics (enthalpy, density, velocity, etc.), feedstock properties (mass load, liquid phase, initial powder size, etc.), substrate conditions (material, surface topology, temperature, etc.), and other parameters (standoff distance, feeding distance, feed rate, etc.). Having that many parameters makes the process optimization challenging for specific applications. On the other hand, it also provides potential to tailor coatings for different applications through modification of the input process parameters. Therefore, understanding the roles of the various process parameters on the formation of SPS coatings is highly desirable.
Several previous studies have been carried out to investigate the relationship between the process parameters and the coating microstructures. For instance, our previous work (Ref 9) confirmed that the formation of cracks and the coating porosity are related to the substrate conditions. Tesar et al. (Ref 10) reported that the coating microstructural features are clearly linked to the feedstock formulation. Darut et al. (Ref 11) indicated that plasma mass enthalpy has an effect on coating's porosity. However, most of those studies were limited to comparing the influence of one or two parameters. Therefore, up to now, one can safely state that the relationship between process parameters and the formation of SPS coating is still not well understood. In order to facilitate the optimization of process parameters, it is necessary to study multiple parameters with a global perspective.
In this study, orthogonal experiments are firstly carried out to study the influence of six parameters (plasma power, suspension mass load, powder size, spray distance, spray step, and substrate roughness) on the SPS coating porosity. Then, statistical methodologies are used to analyze the influence trends and sensitivity to each parameter. Finally, several mathematical models are developed in order to predict coating properties and to guide coating optimization for specific applications. The influence mechanism of the process parameters is discussed as well. The aim of this study is to develop a more fundamental understanding of the relationship between process parameters and coating properties and to develop models that can be used to link processing to performance.
Experimental Procedure Design of Experiments (DOE)
For a given SPS system, the operating window, which defines the operating range related to the process parameters, is fixed and thus coating properties are limited to a given range. In this study, six process parameters (plasma power, suspension mass load, powder size, spray distance, spray step, and substrate roughness) are investigated. The experimental setup determines the operating ranges of these process parameters. For instance, the range of plasma power is fixed by the atmospheric plasma torch. The experimental process parameters and their corresponding ranges are presented in Table 1 .
A conventional method for studying the influence of parameters consists in varying one parameter at a time, maintaining all the other parameters constant. This univariate procedure is time-consuming and costly because it requires a large number of experiments. Moreover, it often discards the effects of interactions between the parameters. These drawbacks can be eliminated by using a Design Of Experiment (DOE) which allows the measurement of the effects of each parameter and the interaction between them as well . In order to study the six process parameters systematically, a Taguchi orthogonal array (TOA) was used to design the experiments (Ref 15-18 ). Three levels of each parameter were selected (a minimum, a maximum and a middle value) and their distribution in the orthogonal array are shown in Table 2 . It is notable that only 18 experiments are needed with the TOA (Table 2) . It is a great advantage because a full factorial analysis would have required 3 6 = 729 experiments. Although the number of experiments is limited to 18, TOA enables a comprehensive understanding of the influence of process parameters due to the orthogonality of the array. Actually, the parameters do not interact and the influence of each parameter on coating properties could be evaluated independently (Ref 15, 16) .
Coating Fabrication
YSZ powders with different particle sizes were chosen as the base materials (See Table 2 ). They were dispersed in absolute ethanol with different solid mass load to prepare the suspensions. DOLAPIX ET85 (Zschimmer & Schwarz, Germany) was added to obtain an optimal suspension dispersion. The SPS coatings were produced using an atmospheric plasma torch (ProPlasma, Saint-Gobain Coating Solutions, Avignon, France). A twin-fluid atomizer developed with Saint-Gobain was used to inject the suspension into the plasma jet and was positioned perpendicularly to the torch axis, at 10 mm from the torch axis and 6 mm downstream the anode face. During the spray process, suspension was stored in a pressurized tank, under magnetic stirring to avoid sedimentation, and was delivered through the twin-fluid atomizer supplied with argon as atomizing gas. 304L stainless steel of 25 mm in diameter and 10 mm in thickness was used as substrate. This substrate was preheated with the plasma jet before spraying and the temperature was monitored using an infrared thermometer. No metallic bond coat layer was used between substrates and as-prepared coatings. The fixed process parameters employed in this study are summarized in Table 3 . Characterization
The microstructural analyses of as-sprayed SPS coatings were performed using field emission scanning electron microscopy (JSM-7800F, JEOL, Japan). Specimens for coating cross-section analysis were sectioned using a diamond cutting blade and then mounted in resin. Samples were subsequently grinded with emery papers, polished with diamond paste, and cleaned with water and ethanol. All observed samples were sputtered with a thin gold layer to allow the ceramic layers to be observed clearly.
Two methods were employed to analyze the coating porosity, image method and x-ray transmission. For image method, 10 SEM images at a magnification of 1000X were collected randomly across the entire cross-section in regions not close to the edges for each sample. In order to minimize the measurement error, all the samples were prepared under the same conditions (cutting speed = 1.2 mm/min and same polishing conditions), and SEM photos were taken under identical conditions for all samples (15 kV, WD = 10 mm). Finally, the porosities were calculated with the same threshold using ImageJ software.
X-ray transmission was measured at 9ID-C USAXS/ SAXS/WAXS instrument (Argonne National Laboratory, Argonne, IL, USA) and was used to analyze the total porosity of the as-prepared SPS coatings. Since the coatings are YSZ with known density and chemical composition, the linear absorption coefficient of x-rays through YSZ solid phase can be calculated using theoretical models (Ref 19) . We used a x-ray energy of 16.9 keV with a beam size of 0.8 9 0.8 mm 2 . The solid-phase thickness through which the x-ray beam passes is then calculated using the linear absorption coefficient (Beer's law). Finally, the total porosity of SPS coatings can be calculated using the following equation:
where P represents the porosity, SPT the solid-phase thickness and thk the measured coating thickness.
Results and Discussion Sensitivity Analysis of the Porosity with Respect to the Process Parameters
The image-measured porosities and their corresponding standard deviations for all coatings are given in Table 4 . It is noticed that the coating porosity could be tailored in a large range, at least from about 22 to 40%. Due to the orthogonality of the Taguchi orthogonal array, it makes sense to study separately the effect of each spray parameter at different levels. The mean value of coating porosities was therefore calculated at different levels and for each process parameters (Table 5 ). This mean value is obtained by keeping the value of one process parameter constant and by changing the others. For example, the mean porosity of 30.6%, related to the second level of the suspension mass load (15 wt.%), was calculated by summing the measured porosity of coatings C2, C3, C7, C12, C16, and C17 (Table 4) and by dividing the result by six. The difference DP between the maximum and the minimum porosity can be calculated afterward (Table 5 ) in order to provide interesting information on the influence of each spray parameters. The spray distance appeared to be the strongest influential factor for coating porosity with the largest value of DP (9.61%). Figure 2 shows the influence trend of each process parameters based on the mean porosity for each of the three levels of the process parameters. It confirms that coating porosity reduces with the increase of plasma power and suspension mass load while the opposite trend is observed by increasing the powder size, the spray distance, the spray step or the substrate roughness. Thus, within the operating window of this study, the coating with the highest porosity could be fabricated with the following process parameters: plasma power = 41 kW, mass load = 10 wt.%, initial powder size = 0.36 lm, spray distance = 60 mm, spray step = 12 mm, substrate surface roughness = 3.51 lm. In contrast, the lowest porosity could be obtained by using the following parameters: plasma power = 49 kW, mass load = 25 wt.%, initial powder size = 0.1 lm, spray distance = 40 mm, spray step = 3 mm, substrate surface roughness = 0.04 lm. In addition, one can observe in Fig. 2(a) linear dependence of the porosity with respect to each of the six process parameters. All the fitted equations provide a coefficient of determination R 2 greater than 0.96, except in the case of the plasma power (0.932) where it could be useful in further works to add at least one level to the three understudy in order to fully assess the linear dependence.
It should be noted that this study are restricted to a linear interaction between the process parameters because the investigation of higher order dependence would require many costly additional experiments. However, even if not perfect, a linear dependence is quite satisfactory because we got a coefficient of determination to 0.932 in the worst case (Fig. 2a) .
The analysis of variance (ANOVA) was also employed to investigate the significance of the process parameters. ANOVA is actually one of the most common statistical method to find which factors have most influence on experimental results (Ref 18, 20) . In the present case (Table 6 ), the spray distance has the greatest influence on the coating porosity with a contribution of 66.19%, followed by the suspension mass load (16.75%) and the substrate roughness (6.25%), respectively. Plasma power and spray step have relatively smaller influences, as their contributions are only 4.11 and 2.25%, respectively. This great influence of the spray distance confirms our first guess deduced from Table 5 .
One other interesting insight with statistical tools can be performed with the correlation coefficients, corr, allowing to measure how strong two variables X and Y are linked:
where cov is the covariance, r X and r Y the standard deviation, and l X and l Y the mean expectations of the variables X and Y, respectively. Equation 2 returns a value between -1 and 1, 1 indicating a strong positive relationship and -1 a strong negative one. A zero result means that no relationship exists at all. The absolute value of the correlation coefficient gives the relationship strength. By using Eq 2, we have calculated the correlation coefficients between the process parameters and the coating porosity (Table 7) . Due to the orthogonality of the DOE, the interactions between the process parameters are balanced, making the correlation coefficients between each couple of process parameters equal to zero. This is consistent with the Taguchi orthogonal array (Table 2) and that means that the process parameters are fortunately uncorrelated. Table 7 also indicates that the coating porosity has a positive relationship with powder size, spray distance, spray step, and substrate roughness, but a negative link with plasma power and suspension mass load. This is consistent with the trends observed in Fig. 2 . In addition, from the absolute value of the correlation coefficients, the spray distance is again identified as having the strongest relationship with the coating porosity. On the opposite, the lowest influence comes from the spray step with a coefficient equal to 0.149.
Modeling of Coating Porosity

A Predictive Model
As discussed previously, it is possible to figure out the role of each process parameter and their influence on the coating porosity. But, even if we have drawn useful conclusions, a predictive model is mandatory for guiding the fabrication of coatings dedicated to specific applications. If the coating porosity could be predicted by the input process parameters, or if some process parameters values could be guessed for fabricating special coatings with a given porosity, it will be significantly meaningful from a practical viewpoint. According to the results presented in the previous sections (see for example Fig. 2 ), it makes sense to suggest a linear dependence of the coating porosity with respect to the six process parameters:
ðEq 3Þ
where P is the coating porosity, X 1 -X 6 are the process parameters and a 0 -a 6 the coefficients of the linear polynomial. In order to match the experimental results with the model as well as possible, these polynomial coefficients were identified by performing a least-square minimization.
The objective function OBJ to minimize was introduced as the quadratic difference between the measurements and the porosities calculated with Eq 4: 
where N represents the number of samples, that is to say the number of coatings (18 in the present case), and P i and P i * are, respectively, the calculated and measured porosities.
The results of the identification process are presented in Table 8 by the line labeled ''linear model''. The coefficient of determination R 2 indicating the efficiency of the identification process is equal to 0.988. This excellent score (the best possible value is 1) proves the ability of the model to fit properly the experiments.
The correlation coefficient between each process parameter and the coating porosity can be calculated based on Eq 3, as listed in Table 9 . One can see that, for the influence of process parameters, the same conclusion can be drawn as discussed in ''Sensitivity Analysis of the Porosity with Respect to the Process Parameters'' section.
Assessment of the Predictive Model
Before using it for guiding coating preparation, the proposed model needs to be validated. In view of this validation, six new coatings were fabricated with various process parameters listed in Table 10 . All of these new coatings were manufactured by using process parameters within the range of the original DOE space (Table 1) , except one (coating V2) which lies outside the range. Figure 3 shows the comparison between the experimental and calculated results. The calculated values agree almost perfectly with the experimental data for coatings C1 to C18, which is not surprising because the model was fitted with these coatings. It is more interesting to note that the correspondence is still very good with the six new coatings (V1-V6), giving an average absolute error of only 1.19%. Furthermore, the coating V2, prepared with a spray distance of 70 mm, also shows a very good match with the model. That proves that the model has the potential of extrapolation. 
Improvement in the Predictive Model
As the modeling of the coating porosity is based on experimental results, the quality of the model is determined by the accuracy of the experimental data. Based on these considerations, a schematic of model improvement is illustrated in Fig. 4 . A model can be established by simulating first a small amount of experimental data and then by adding more experimental results in order to feed and improve the model. Another approach to optimize the model is through feedback, for example by abandoning the obviously unreasonable experimental data. If we adopt this strategy, the six new coatings V1 to V6 (Table 10) can be used to enrich the simulation database. Therefore, the linear equation Eq 3 still holds but the polynomial coefficients must be updated by using again the identification procedure. The new identification results are shown in Table 8 (line labeled by ''Improved linear model''). Figure 5 shows the comparison between the experimental and calculated data by using the new linear model. The average absolute error of the new model for the 24 coatings is 0.017 against 0.312 previously. This means that the new model is better than the old one. Therefore, the new linear model (that is to say Eq 3 with the second line of identified coefficients in Table 8 ) can be recommended for practical application without the necessity of further improvement. 
Mechanism of Process Parameters' Influence on Coating Porosity
Among the process parameters studied in this work, spray distance, suspension mass load, and substrate roughness were found to be the three factors most impacting coating porosity. Comparison experiments were therefore carried out to study the influence of these parameters. The process parameters of the comparison experiments are listed in Table 10 . Figure 6 shows the SEM images of the as-prepared coatings by varying these three parameters. Coating V1 (Fig. 6a) is used as the reference sample with a porosity of 29%. Compared with coating V2 (Fig. 6b) , the coating porosity increased to 39.9%, while the spray distance enlarged from 40 to 70 mm. This observation may result from the difference in particle velocities before impact on the substrate. High-speed particles can be piled-up more compactly, resulting in a denser coating. In contrast, lowspeed particles cause more voids in the coating. Our previous research (Ref 21) studied the particle velocity of alumina with a size of 1.6 lm sprayed using the same SPS system, which revealed that the particles reach their maximum velocity around 40 mm downstream the torch anode face, and then the velocity decreases with the increase in the spray distance. The particle velocity in this study was not measured successfully because of the much smaller particle size (0.36 lm). More accurate equipment or better measurement methods are needed to better understand the influence of the spray distance on the coating formation.
The effect of suspension mass load can be seen clearly from coating V3 (Fig. 6c) . Lowering the suspension mass load to 10 wt.% resulted in an increased coating porosity of 33.1%. When the mass load is reduced, the number of particles in each droplet is also reduced, so that after the liquid evaporation during projection, the residual solid mass is lower. These smaller droplets have a lower momentum and, when they reach the substrate, the particle crush rate is consequently smaller. As a result, a higher porosity coating is formed. In addition, the compacting effect of the small particles that are deposited later on the coating is also lower.
Coating V4 (Fig. 6d) shows the effect of substrate roughness on the coating microstructure. Its microstructure is similar to that of coating V1, except that coating V1 has more columnar void bands. The difference in porosity of the two coating comes mainly from these void bands. The shadow effect and the quenching stress could explain the mechanism of columnar growth on a rough surface. The mechanism of influence of the substrate roughness on the coating formation has been discussed in detail in our previous study (Ref 9) .
Limitation and Extension of the Present Work
The results and discussion mentioned above are based on the coating porosity measured by image method. However, there are limitations for this method to measure coating porosity: (i) damaging the coating during sample preparation could pull out the splats from the coating and thus lead to a result larger than the actual porosity; (ii) it is not easy to detect the small pores (especially nanoscaled pores) because of the limited SEM resolution, which results in smaller measurements. Therefore, the measured value does not represent exactly the actual coating porosity.
X-ray transmission was also employed to measure the porosity of as-prepared coatings. Because it is a non-destructive test without any resolution limitation, a more accurate result is obtained and it could be regarded as the actual coating porosity. Figure 7 shows the relationship between the results of coating porosity measured using image method and x-ray transmission. This relationship exhibits a linear correlation between the two methods of measurement. Therefore, the conclusions mentioned above are also applicable to the actual coating porosity. Particularly, the linear models developed in this study can still be used to guide coating fabrication.
Conclusion
Suspension plasma sprayed YSZ coatings were successfully produced using different process parameters and we have demonstrated that the porosity of SPS coating is influenced significantly by the process parameters. To investigate more precisely this influence, many statistical tools have been used: a Design Of Experiment based on a Taguchi orthogonal array, the analysis of the variance (ANOVA), and the correlation matrix. The main results are summarized as follows:
1. Coating porosity has a negative correlation with plasma power and suspension mass load, and a positive correlation with the original powder size, spray distance, spray step, and substrate roughness. 2. Spraying distance is the main factor affecting to coating porosity, followed by suspension mass load, substrate surface roughness, powder size, plasma power, and spray step, respectively. 3. The coating porosity can be well predicted by a linear model, which contains six input process parameters. On the other hand, a number of possible parameters could be calculated using the linear model for preparing the coating with a given porosity.
